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ABSTRACT 

We  present  spatially  resolved  studies  of  vortex  dynamics  in  two-dimensional 
Josephson-jnnction  arrays  For  bias  currents  smaller  than  the  array  critical  cur¬ 
rent,  a  small  local  thermal  perturbation  at  the  array  boundaries  lowers  the  vortex 
entry  barrier  and  the  array  switches  to  the  resistive  state.  Eor  bias  currents  slightly 
above  the  array  critical  current,  vortices  and  antivortices  are  nucleated  at  opposite 
edges  of  the  array.  An  alternating  crossing  vortex  motion  is  observed  experimen¬ 
tally. 

1.  Introduction 

In  two-dimensional  (2D)  Josephson-junction  arrays,  vortices  play  a  central  role  for 
the  static  and  dynamic  properties.1  In  the  static  case,  several  vortex  configurations, 
depending  on  a  perpendicular  applied  magnetic  field  are  discussed  in  the  literature. 
For  a  direct  observation  of  these  configurations,  spatially  resolved  measurements  are 
necessary.  Runge  and  Pannetier2  used  magnetic  decoration,  where  small  particles  of  a 
magnetic  material  are  deposited  on  the  sample,  yielding  an  image  of  the  local  magnetic 
field  variation.  Hallen  et  al.3  used  scanning  Hall  probes  and  Vu  et  al.4  used  scanning 
SQUID  microscopy.  Doth  methods  directly  measure  the  local  magnetic  fields  of  the 
vortices.  Depending  on  the  applied  magnetic  field,  regions  of  periodically  arranged 
vortices  seperated  by  domain  walls  are  observed.2,3,4  In  Refs.  5,li,  we  have  reported  on 
imaging  results  of  the  vortex  dynamics  in  2D  arrays.  We  have  discussed  the  vortex 
dynamics  in  21)  arrays  in  close  analogy  to  the  dynamics  of  Abrikosov  vortices  in  the 
current-induced  resistive  state  of  thin-tilm  type- 1 1  superconductors. I,K 

2.  Experimental  Procedures 
2.1.  Samples 

Figure  1  shows  a  typical  array  geometry.  The  arrays  consist  o!  square  networks 
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of  superconducting  wires  (Nb  and  PblnAu)  with  Josephson  junctions  placed  between 
the  line  crossings.  The  Nb/AlOx/Nb  junctions  (area  «  5  /tm  x  5  pm)  have  critical 
currents  on  the  order  of  ic  =  150  pA.  Typically,  the  lcr-spread  in  ic  is  less  than 
3  %.9'10  Each  of  the  junctions  is  externally  shunted  with  an  InAu  resistor  R,  of  about 
1.5  ft,  so  the  McCumber  parameter  is  fjcj  =  2nicRs2C /$0  <  0.7;9  4>0  =  /i/2e  is  the 
flux  quantum.  The  Josephson  coupling  energy  Ej  =  hic/2e  is  about  Ej  ss  10~2oJ  and 
is  5  to  6  orders  of  magnitude  larger  than  the  charging  energy  Ec  =  e2/(2  C)  ( C  is  the 
junction  capacitance).  Hence,  we  deal  with  the  classical  limit,  where  charging  effects 
can  be  neglected.11  The  bias  current  is  fed  to  each  of  the  array  columns  through  InAu 
feeding  resistors  (not  shown  in  Fig.  1)  of  about  0.5  ft  each.  In  2D  superconducting 


- -  M  =  3  - - 

Fig.  1.  Sketch  of  a  typical  array  geometry  with  N  columns  of  M  junctions.  The  arrays  consist  of 
square  networks  of  superconducting  wires  with  Josephson  junctions  placed  between  the  line  crossings. 
Each  junction  is  symbolized  by  a  cross.  The  notation  of  the  x  and  y  direction  is  shown.  The  dc-bias 
current  flows  along  the  x-axis.  The  array  voltage  drop  along  the  whole  array  is  measured  in  the 
same  direction. 


arrays,  flux  quantization  has  to  be  taken  into  account  so  that  the  total  sum  of  the 
junction  phase  differences  cf>  around  a  loop  is  related  to  the  flux  $  passing  through 
the  loop  by 

~27rJ~  +  27rn’  (!) 

loop 

where  n  is  an  integer.  There  are  two  contributions  to  <k:  <I>  =  where  A'xl 

is  due  to  an  external  magnetic  field  perpendicular  to  the  array,  and  is  the  self- 
induced  flux  through  the  cell  (i,  j)  due  to  the  currents  in  the  array.12  The  frustration 
/  =  i?a2/$ o  is  defined  as  the  normalized  applied  flux  per  unit  cell.  D  is  the  externally 
applied  magnetic  field.  The  size  of  the  square  array  unit  cell  is  a  fa  16.7  /im.  The 
electromagnetic  radius  of  the  vortex  is  given  by  the  magnetic  penetration  depth 


where  po  is  the  permeability  of  the  free  space.13  For  our  arrays,  Aj.  <  a. 

2.2.  Electron  beam  imaging 

Low  temperature  scanning  electron  microscopy  (LTSEM)  enables  the  spatially 
resolved  investigation  of  superconducting  devices  and  circuits  during  their  operation 
at  liquid  helium  temperatures.  The  basic  principles  are  described  in  Ref.14.  The 
essential  points  are  the  following:  the  sample  film  (on  top  of  the  substrate)  is  directly 
irradiated  with  an  electron  beam.  The  bottom  side  of  the  substrate  is  in  contact  with 
a  liquid  helium  bath,  thereby  ensuring  effective  sample  cooling.  The  temperature  T 
of  the  sample  is  about  5  K.  The  electron  beam  focused  at  the  coordinates  ( x0,yo )  on 
the  sample  surface  acts  as  a  local  heat  source.  The  lateral  dimension  of  the  thermally 
perturbed  area  near  (x0)  t/u)  determines  the  spatial  resolution  of  our  images.  This 
resolution  is  estimated  to  be  about  3  pm  for  the  samples  used  in  the  present  studies. 
Typical  values  for  the  beam  voltage  and  current  are  25  kV  and  100  pA,  respectively, 
yielding  a  local  temperature  increment  of  about  1  K. 

The  difference  of  the  time  scales  of  the  array  dynamics  and  of  the  scanning  pro¬ 
cedure  is  important.  The  junction  oscillation  period  is  on  the  order  of  10  ps,  whereas 
the  decay  time  of  the  beam-induced  thermal  perturbation  is  about  100  ns.14  During 
scanning,  the  electron  beam  typically  stays  3  ms  at  each  position.  Hence,  the  mea¬ 
sured  sample  response  to  the  beam  irradiation  represents  time-averaged  information 
on  the  time  scale  of  the  Josephson  dynamics. 

The  sample  is  shielded  from  dc  and  ac  magnetic  fields  by  means  of  p-metal  screens 
at  both  room  and  liquid-helium  temperature.  Measuring  the  critical  current  as  a  func¬ 
tion  of  the  externally  applied  magnetic  field  B ,  we  estimated  the  residual  magnetic 
field  to  be  smaller  than  700  nT.  This  value  corresponds  to  a  frustration  /  <  1/10. 
During  our  measurements,  the  electron  beam  is  scanned  across  the  current-biased  ar¬ 
ray.  The  beam  is  chopped  at,  a  frequency  of  20  kHz,  and  the  change  in  array  voltage 
AV(xo,yo)  induced  by  the  beam  is  phase-sensitively  recorded  using  a  lock-in  tech¬ 
nique.  Near  the  beam  focus,  the  junction  is  heated  from  about  5  K  to  6  K,  which 
reduces  the  junction  critical  current  ic  by  about  20%.  In  these  experiments,  the  local 
heating  induces  an  array  voltage  signal  AV(xo,yo)  <  10/xV. 

3.  Experimental  Results  and  Discussion 

In  this  section  we  present  results  of  our  spatially  resolved  investigations  on  two- 
dimensional  Josephson-junction  arrays. 


Aj.  =  4>0/ (2-r^i  0!c), 


(2) 


Fig.  2.  Gray  value  representation  of  the  voltage  image  AF(-tu,(/o)  of  a  III  X  10  array  without 
groundplane  at  T  ~  5  A  .  The  array  is  biased  at  R  «  0.9  A.  The  do  bias  current  flows  horizontally 
through  the  array.  The  array  boundaries  lie  between  (I  /(in  and  150  ftm  in  both  directions.  A  positive 
(negative)  electron  beam  induced  voltage  signal  A  V'(.rn,  i/o)  is  indicated  by  the  dark  (bright)  areas, 
whereas  AV(xu,yu)  «  0  is  shown  by  the  area  surrounding  the  array.  The  signal  level  jAF|  is 
about  100  nV.  The  rows  of  the  feeding  resistors  are  marked  by  arrows. 

3.1.  The  Subcritical  Region:  R  <  I. 

First,  we  report  on  measurements  where  the  bias  current  R  was  chosen  smaller 
than  the  critical  current  lc  of  the  array. 

Figure  2  shows  the  voltage  image  Al'(in,//u)  for  a  10x10  array  The  array  is 
biased  at  R  ss  0.9  mA.  The  array  critical  current  is  /,  ss  1  m  l  Since  /,.  <  /  .  the 
sample  is  in  the  zero-voltage  stale  without  e  beam  irradiation.  In  Tig.  2.  a  positive 
(negative)  signal  AV(x0,yo)  is  indicated  by  the  dark  (bright  )  areas,  whereas  the  zero 
signal  is  shown  by  the  gray  level  in  the  area  surrounding  the  array. 

Figure  2  is  explained  by  edge  nucleation  of  vortices  induced  by  t  he  self-lield  of  the 
array’s  dc-bias  current.  The  array’s  self-field  is  strongly  peaked  at  the  edges  of  the 
array  (parallel  to  the  bias  current)  and  is  antisymmetric  with  respect  to  the  airay 
center  axis.  Since  for  these  studies  Ax  <  a,  each  magnetic  llux  quantum  is  coulined 
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Fig.  ft.  Sketch  of  the  energy  (./(;/)  of  a  single  vortex  versus  the  //-coordinate  for  a  bias  current 
smaller  than  the  array  critical  current. 

to  one  unit.  cell.  When  the  array  is  biased  below  lc,  the  current-induced  vortices  are 
pinned  at  the  array  edges.  One  edge  of  the  array  supports  vortices,  the  opposite  side 
antivortices.  The  entrance  barrier  Eh,  which  prevents  the  vortices  from  entering  the 
array,  can  he  calculated  from  the  (iibbs  energy  ol  a  single  vortex  in  the  array.5,15 

Figure  3  shows  a  sketch  of  the  (libhs  energy  l'(y)  and  Eh  for  bias  currents  smaller 
than  the  critical  current.  Eh  is  decreasing  with  increasing  temperature  T. 

When  the  electron  beam  beats  a  junction  at.  the  edge  of  the  array,  A’b  may  be 
decreased  below  0,  and  the  vortices  enter  into  the  array.  The  vortices  move  per¬ 
pendicular  to  the  bias  current  and  produce  a  voltage  across  the  array.  I  his  process 
gives  rise  to  voltage  signals  t-AF(.i.,).  g0)  at.  each  junction  where  vortices  have  formed 
and  are  depinned  by  the  local  beating  due  to  the  electron  beam,  from  the  spatial 
dependence  ol  Al  (;/u)  we  conclude  that.  \j  <  a. 

In  Fig.  2,  voltage  signals  AF  <  0  of  about  -ft  nV  are  observed  at  the  positions 
of  the  feeding  resistors  (marked  by  arrows).  I  lie  resistance  change  AR  —  A V  f  R  is 
about  —5  /(SI.  The  origin  of  these  signals  is  unclear. 

Summarizing,  for  /,.  <  /  ,  wr  (ilisrrvi'd  elect  roi l- bea m  1 1 1 d u (  e( I  v  ol  t  ex  mot  ion. 

3. it.  The  Alternating  ('.routing  l  inter  Mutimi  (At  AM) 

Second,  we  report  on  incaMi reiueut s,  Where  the  bias  current  A  was  chosen  slightly 
above  the  critical  current. 
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Fig.  4.  Gray  value  representation  of  the  voltage  image  AV(*0..Vu)  r'f  11  20x10  array  with  a 
superconducting  gronmlplan-  at  T  «5K.  The  array  is  biased  at  h  «  1-25  t»»A  and  a  eorrespondin* 
voltage  of  3  mV.  The  array  critical  current  is  I,,  «  750  ///I  The  de  bias  Mirr.nl  flows  honsonWll.v 
through  the  array.  The  array  boundaries  lie  between  0  /tm  and  150  / nil  in  y  d. rectum  and 
between  0  fim  and  315  pm  in  the  x-direction,  A  positive  (negative)  electron  beam  induced  signal 
AV(io,t/o)  is  indicated  by  the  dark  (bright)  areas,  whereas  Al'(.rn.y„)  «  0  is  shown  by  the 
gray  value  of  the  areas  surrounding  the  array.  T  he  signal  level  |AV  |  is  about  5  /(V . 

During  their  nudeation  at  the  edges  of  t  he  array,  bite  vorl  ires  expciience  a  Lorentz 
force  perpendicular  to  the  external  current. 

Figure  4  shows  an  imaging  result  for  a  20  x  10  array.  In  simple  terms,  I  his  can  be 
explained  as  follows:  when  a  vortex  moves  across  a  junction,  this  junction  phase  slips 
and  the  resulting  voltage  drop  causes  dissipation.  When  the  electron  beam  is  focussed 
at  a  junction  where  vortices  are  moving  across,  the  vortex  motion  is  changed  due  to  j 
the  junction  critical  current  reduction  caused  by  the  e-beam.  No  voltage  signal  is  (s 
observed  when  the  e-beam  is  focussed  at  a  junction  at  which  no  vortices  are  crossing.  ;j 
The  imaging  thus  resolves  the  vortex  tracks.  From  a  more  detailed  quantitative  , 
analysis  of  our  imaging,5  we  calculate  that  the  junctions  where  vortices  enter  the  1 
array  give  a  positive  voltage  signal  AV(x0ly0)  (dark  areas  in  Fig.  4).  A  negative 
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voltage  change  AV'(.r0,  ?/o)  (bright  areas  in  Fig.  4)  is  measured  at  the  positions  where 
the  vortices  leave  the  array. 

Inspection  of  Fig.  4  shows  that  for  the  bulk  of  the  array,  vortices  are  nucleated  at 
the  upper  edge  a.nd  anti-vortices  at  the  lower  edge  of  the  array.  They  subsequently 
move  through  the  array,  perpendicular  to  the  bias  current,  until  they  reach  the  op¬ 
posite  boundary,  where  they  leave  the  array.  Along  the  current  direction  there  is  a 
strong  tendency  to  alternate  between  the  direction  of  the  vortex/anti  vortex  motion. 
We  call  this  behavior  alternating  crossing  vortex  motion  (ACVM).  Such  alternation 
is  favored  due  to  the  repulsion  between  vortices  of  the  same  vorticity  and  attraction 
between  vortices  of  opposite  vorticity. 

For  bias  currents  very  close  to,  but  larger  than  Ic,  we  did  not  observe  the  ACVM 
but  an  uncorrelated  vortex  motion.  With  increasing  It,  the  ACVM  area  grows,  starting 
from  the  inner  part  of  the  array.  Increasing  It,  beyond  the  region  where  the  ACVM  is 
observed,  the  vortex  density  is  increased  and  we  observe  a  more  complicated  vortex 
motion.  6 

Recent  numerical  simulations  based  on  the  actual  array  parameters  16  have  repro¬ 
duced  the  ACVM. 
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ABSTRACT 

Most,  of  the  experimental  studies  of  the  static  and  dynamical  states  in  Josephson 
junctions  arc  limited  to  measuring  the  current- voltage  characteristic  under  vari¬ 
ous  experimental  conditions,  which,  however,  only  provides  a  spatially  averaged 
information  on  the  processes  inside  the  junction.  We  have  therefore  constructed  a 
simple  and  reliable  Cryogenic  Scanning  Laser  Microscope  for  in- situ  spatially  re¬ 
solved  investigations  of  Josephson  junctions.  Usually  the  dynamical  processes  are 
very  sensitive  to  external  noise,  making  it  essential  for  a  microscope  of  this  kind  lo 
have  a  very  low  noise  level.  This  is  met  in  combination  with  the  demands  for  a  high 
spatial  resolution  using  a  laser  beam  emitted  from  a  3.5  /tin  diameter  optical  fiber 
mounted  on  a.  piezoelectric  scanner.  Recent  measurements  on  static  and  dynamical 
states  of  Josephson  junctions  are  presented  and  discussed. 


1.  Introduction 

Due  to  recent  improvements  in  the  fabrication  of  integrated  superconducting  cir¬ 
cuits  based  on  Josephson  tunnel  junctions  it  has  become  important  to  understand  in 
detail  the  very  complex  dynamics  on  which  their  operation  is  based.  For  many  years 
the  only  way  to  characterize  t  he  junctions  has  been  to  invest  igate  their  do  properties 
under  various  experimental  conditions,  like  measuring  the  current- voltage  (IV)  char¬ 
acteristic  and  the  critical  current  as  function  of  magnetic  field  (E(H)).  Such  integral 
experiments  do  not  provide  direct  spatially  resolved  information  on  the  dynamics  of 
this  highly  nonlinear  device. 

Several  attempts  have  been  made  to  overcome  this.  Already  in  1983  Scheuermann 
et  ah'  designed  (lie  first  scanning  laser  microscope  consisting  of  two  parts:  (i)  A 
room  t.emiuM  at  are  optical  setup  with  a  helium-neon  laser  and  focusing  optics,  and 
(ii)  a  standard  optical  cryostat  with  windows  providing  access  for  the  laser  beam 
to  the  sample  which  is  positioned  oil  a  cold  finger  in  the  vacuum  space.  Josephson 
junctions  wit  h  various  geometries  were  investigated  in  the  static  state  by  measuring 
the  reduction  of  t  he  critical  current  caused  by  heating  the  junction  with  a  15-20  //m 
diameter  laser  spot  ". 

I  Indoie!  et  ,i|  1  utilized  a  conventional  scanning  electron  microscope  (SEM)  in 
which  the  slnndaid  sample  boldet  was  replaced  try  a.  small  liquid  helium  cryostat,. 
The  elcct.i i m  beam  can  !».  Ionised  within  it  hundred  nanometers  so  used  as  heating 


